1. The envelopes of etioplasts and 1-2h etiochloroplasts are permeable to mevalonate, but plastids from etiolated tissue illuminated for longer than 4h show progressive impermeability towards mevalonate. 2. Acetate permneates the envelopes of 1-4h etiochloroplasts but does not significantly cross the envelopes of etioplasts or 8-24h etiochloroplasts. 3. A translocator system exists within the plastid envelopes for mevalonate which relies on malate as a counter-exchange anion.
In higher plants it has been suggested that terpenoid biosynthesis is regulated by a compartmentalization of the enzymes of isoprenoid biosynthesis coupled to the relative impermeability of plastid envelopes towards mevalonate (Goodwin, 1958a,b; Goodwin & Mercer, 1963) . This stems from studies that showed that label from 14CO2 is incorporated preferentially into plastidic terpenoids such as fl-carotene, whereas label from [2-14C]mevalonate, rather than from '4C02, accumulates in extra-plastidic ubiquinone and sterol fractions. In contrast, acetate is thought to penetrate plastid envelopes (Stumpf et al., 1967) , although it is poorly incorporated into fl-carotene (Shah & Rogers, 1969) .
Although similar studies have also been carried out with greening etiolated seedlings (Griffiths et al., 1964; Threlfall et al., 1967) , they all utilize that period when the ability to fix CO2 has developed within the plastids and consequently show patterns of incorporation similar to those of light-grown laminae. The origin of the mevalonate required for the biosynthesis of chloroplastidic terpenoids, before the availability of mevalonate derived from newly fixed C02, remains obscure. Studies using radioautography at the level of the electron microscope have revealed a selective change in the permeability of developing plastid envelopes with respect to envelopes before the maturation of the photosynthetic apparatus (Cockburn & Wellburn, 1974) . The greatest flux of mevalonate was into 1 h etiochloroplasts, but little entered fully developed chloroplasts.
The technique of silicone-oil centrifugal filtration (Klingenberg & Pfaff, 1967) Oat seedlings (Avena sativa L. var. Mostyn) were grown for 10 days in gravel trays containing moist peat either in the light (16h day, 6klx; 8h dark) or in the dark. Some of the latter trays of seedlings were partially illuminated (6klx; 1, 2, 4, 8 or 24h) during the later stages of growth. Preparations of intact etioplasts (dark-grown), etiochloroplasts (1-24h illuminated) and chloroplasts (light-grown) were made by using the Sephadex method (Weliburn & Wellburn, 1971) as modified by Hampp & Schmnidt (1976 The silicone-oil centrifugal filtration was based on that described by Klingenberg & Pfaff (1967) . Disposable 250ul polyethylene centrifuge tubes containing 50pu1 of HC104 (lowermost phase), 501ul of silicone oil (type AR 150, Wacker Chemie, Burghausen, W. Germany) and 100,ul of plastid suspension incorporating samples (10%) of the labelled solutions (final conc. 5mM) were accelerated to full speed for 7s and back to rest in a Beckman Microfuge B. The tubes were then frozen in liquid N2 and the tips (bases) cut off with cable cutters and dropped into disposable scintillation vials containing 0.5 ml ofwater. After vibration to dislodge the pellets, 10ml of Bray's (1960) solution was added to each vial and the amount of radioactivity in each pellet determined by counting in a Packard 3375 liquidscintillation counter against appropriate external and internal standards by using preset counting characteristics for 14C and quench curves (one for each developmental stage) constructed specifically for these experiments using different amounts of plastid suspension. In practice at least seven parallel treatments were carried out for each permeability calculation, each having a standard error of counting of 1.5 %, and from this a back calculation could be done to determine the concentration of labelled compound within the plastids as compared with that of the outside concentration of 5mM. Plastid volumes were calculated from the uptake of 3H20, unspecific permeation into the inner-membrane space by the uptake of [U-_4C]sorbitol and the amount of medium adhering to the outer surface of the organelles by the use of dextran (see Heldt & Sauer, 1971) . The protein content of sonicated plastic suspensions was determined by the method of Lowry et al. (1951) , with bovine serum albumin as standard.
Determination ofcounter exchange
Plastid suspensions (1 ml) were incubated for 5min at 0°C in the dark (see Heldt & Rapley, 1970) with either labelled or unlabelled malate or mevalonate (final concn. 5mM). The plastids were then washed three times by pelleting (full speed, Beckman Microfuge B, 30s) and resuspending each time in fresh plastid isolation medium. The counter-exchange was initiated by adding either unlabelled or labelled mevalonate or malate (final concn. 5mM) and terminated 1min later by the silicone-oil centrifugal filtration as described above. In the case of labelled uptake after preincubation with unlabelled compounds, concentrations of compounds within the plastids were also calculated as before, but samples (lOO1ul) of the remaining supernatant were counted for radioactivity to calculate the amounts of labelled malate or mevalonate released after the addition of unlabelled mevalonate or malate.
Results
The uptake oflabelled mevalonate and acetate into plastids isolated from etiolated laminae given different periods of illumination is shown in Fig. 1 . Etioplasts and 1-2 hetiochloroplasts show uptake ofmevalonate, but plastids from seedlings illuminated for 4h and longer show progressive impermeability with respect to mevalonate. A similar but delayed pattern of permeability is also shown for acetate although etioplasts are relatively impermeable to acetate. Maximum uptake is shown by 2h etiochloroplasts.
These results are not in full accord with those of Stumpf et al. (1967) , but offer an explanation of the poor incorporation of acetate into f,-carotene by illuminated etiolated Zea seedlings (Shah & Rogers, 1969) .
In the course of a wider study, mevalonate was notable in exhibiting an almost 1: 1 exchange relationship with malate (Table 1 ). Further study revealed that the converse also holds. Malate is taken up at the expense of the release of mevalonate. By using mature chloroplasts, which are relatively impermeable to mevalonate, it was found that preincubation of the plastids with malate increased the subsequent uptake of mevalonate by over 25 % and vice versa (Table 2) . Similar surveys failed to reveal a comparable counter-exchange anion for acetate.
Discussion
The technique of silicone-oil centrifugal filtration has provided additional data to support one of the original suggestions of Goodwin & Mercer (1963) . The envelopes of photosynthetically competent plastids exhibit impermeability towards mevalonate although this barrier may depend to a certain extent on the availability of exchangeable anions, principally those of malate. Those plastids that are unable to fix CO2, i.e. etioplasts and 1-2h etiochloroplasts, have access to cytoplasmic mevalonate by virtue of their permeable envelopes. This agrees with our previous observations (Cockburn , which showed that mevalonate readily enters the plastid in the initial stage of plastid morphogenesis, but that there is a marked decrease in flux in the later stages of development when fixation of CO2 is possible. We ascribed these changes to a selective change in the plastid envelopes during plastid development and one that exerts a principal control on the process of maturation. Studies of plastid-envelope polypeptide changes and the incorporation of
[35S]methionine into various plastid fractions (Cobb & Wellburn, 1976) have supported this contention.
The nature of the control of plastid permeability is of interest. Studies of possible red-far-red light effects are immediately suggested because phytochrome is thought to be localized either inside the plastid or on the plastid envelopes (Wellburn & Wellburn, 1973) . The malate-mevalonate translocator in the plastid envelopes over the whole developmental process may be an important factor and may prove to be a useful specific function to monitor in the course of any red and far-red light study of plastid development.
